Lodging is an important constraint limiting buckwheat yield and quality by bending or breaking culm on buckwheat production worldwide. This study was conducted with Ningqiao 01, a moderate lodging resistance cultivar of buckwheat, to determine whether lignin synthesis and lodging resistance of buckwheat are affected by nitrogen fertilizer and planting density. The results showed that the lignin content at the bottom of the 2nd internode was significantly and negatively correlated with lodging index and lodging percentage, but significantly and positively correlated with snapping resistance. The snapping resistance rose and then fell with the increase of nitrogen fertilizer. The snapping resistance decreased with the increase of planting density. The lodging index increased with the increase of nitrogen fertilizer and planting density. The lignin content and its related enzymes activities decreased with the increase of nitrogen fertilizer and planting density. These results suggested that the lignin content is closely related to the lodging resistance of buckwheat, and a higher lignin content could strengthen the lodging resistance of buckwheat. The increase of nitrogen fertilizer and planting density significantly increased the risk of lodging by decreasing the lignin content and its related enzymes activities at the bottom of the 2nd internode.
Buckwheat (Fagopyrum esculentum), which belongs to the family Polygonaceae, genus Fagopyrum, is commonlyconsumed in arid and cold regions in the world (Koyama et al., 2013) . Buckwheat species native to China have been systematically classified since 1913 and it has been praised as one of the most faddish green function in the 21st century (Guo et al., 2007) . Buckwheat grains are an important source of macroelements such as K, Ca, Mg, and Na as well as microelements such as Mn, Zn, Se, and Cu (Wei et al., 2003) , and they contain rutin, riboflavin, pyridoxine, thiamine, lysine, methionine, arginine, and threonine (Fabjan et al., 2003) . The starch of buckwheat includes numerous compounds that have been identified to have beneficial effects on human health, including lowering both blood lipid and sugar levels (Mendler-Drienyovszki et al., 2013) .
Lodging, the permanent displacement of stems from an upright position due to internal and external factors (Pinthus, 1973) , is an important constraint limiting crop yields and quality (Crook and Ennos, 1994) . Severe lodging destroys plant morphology, resulting in the reduction of photosynthetic ability, grain yield, grain filling, and harvesting efficiency (Berry and Spink, 2012) . Enhancing the physical strength of the culm is important for lodging resistance. In spite of the vast research performed to reduce lodging in major cereal crops, such as wheat and rice, lodging is still a dominant contributor to yield reduction (Athwal, 1971; Murakami et al., 2012) . Lodging caused a 14.3% loss in rice production in coastal regions of Jiangsu China (Zhang et al., 1996) and 8.3% loss of grain yield in spring wheat (Tripathi et al., 2004) . Lodging is reported to be one of the limiting factors of buckwheat production in Nepal (Baniya, 1990) .
Lignin, which is a major structural component of secondary cell walls in vascular plants, is not only associated with plant growth and development, but also provides the plant body with mechanical strength (Peng et al., 2014) . Lignin plays an important role in improving the strength of plant cell walls and increasing the mechanical intensity of culm (Lewis and Yamamoto, 1990; Turner and Somerville, 1997) . Boudet et al. (2003) found that the lignin content was increased due to elevated activities of phenylalanine ammonia-lyase (PAL), tyrosine ammonialyase (TAL), 4-coumarate: CoA ligase (4CL), and cinnamyl alcohol dehydrogenase (CAD). Lignin content and its related enzymes activities were closely related to lodging resistance of culm (Jones et al., 2001; . Low lignin content may result in weak mechanical strength of culm in wheat and oats (Welton, 1928) . The wheat cultivars showing high resistance to culm snapping and lodging, had a higher lignin content and higher activities of PAL, TAL, 4CL, and CAD than other cultivars .
Nitrogen fertilizer and planting density have been used to regulate the yield in buckwheat production (Gubbels, 1977; Inamullah et al., 2012) . However, little is known about applications of nitrogen fertilizer and planting density on the physical strength of the buckwheat basal internode, especially regarding lignin synthesis in culm impacted by treatments. The objective of this study was to investigate the effects of nitrogen fertilizer and planting density on the buckwheat lodging behavior, lignin synthesis in culm and its relation to lodging resistance. A greater understanding of that information can provide a theoretical basis to enhance the physical strength of culm to prevent buckwheat lodging and improve grain yield and quality.
Materials and Methods

Site description
The field experiments were conducted in 2012 and 2013 at the Xiema experimental station, Southwest University, in Beibei city, Chongqing municipality, China. The station (19º51΄N, 106º37΄E) is located 10 km south of Southwest University at an elevation of 350 m above sea level. Annual mean temperature is 18.4ºC. Annual cumulative temperatures above 10ºC is 3066ºC. The frostfree period is 330 -350 days. Annual total solar radiation is 3646 MJ m -2 year -1 . Annual precipitation is 1203 mm and annual sunshine duration is 1006.2 h. The area is classified as having a subtropical monsoon climate and the soil at the site is classified as a loamy clay soil, and the 0 -100 mm soil layer contained 1.26% organic matter, 0.07% available N, 0.02% available P, 0.11% available K, 0.08% total N, 0.05% total P, and 1.75% total K.
Experiment design and crop management
The experiment was a split-plot factorial, on the basis of randomized complete block design with three replications. The main plots was nitrogen fertilizer with three levels; 0 (A1), 45 (A2), and 90 (A3) kg ha -1 . The subplots was the planting density with three levels; 6 × 10 5 (B1), 9 × 10 5 (B2), and 1.2 × 10 6 (B3) plants ha -1 . Ningqiao 01, a moderate lodging resistance cultivar of buckwheat currently used in local production was used in the experiment. Seeds were sown on August 26, 2012 and August 28, 2013. The area of the individual plots was 10 m 2 (2 m × 5 m). Each plot includes 6 rows, and there were 3 board rows around the area. N (three levels), P 2 O 5 (45 kg ha -1 ) and K 2 O (67.5 kg ha -1 ) were applied for each plot when the buckwheat seeds were sown.
Indicators and measuring method
Lodging stage was recorded from seeding to harvesting. Lodging degree, ranged from 0 to 5 on the basis of the angle between buckwheat culm and ground, The lodging degree score is 0 when the angle is 76º -90º, 1 when it is 61º -75º, 2 when it is 46º -60º, 3 when it is 31º -45º, 4 when it is 16º -30º and 5 when the angle is 0º -15º. We investigated lodging plant number (N 1 ) and total plant number (N) of buckwheat in each experiment plot, and then calculated the lodging percentage (N 1 / N × 100%). Lodging degree and lodging percentage were recorded at 3 days before all plants had completed seed ripening.
Ten standing plants were selected randomly from one half of each plot, avoiding the outer three rows, to measure the height at center of gravity (H), fresh weight (M) of culm, and snapping resistance (S) at the bottom of the 2nd internode (B2I). We then calculated the lodging index (H × M / S) at anthesis, filling stage, and maturity. The methods for these measurements are described by Wei et al. (2008) .
The lignin content and activities of PAL, TAL, 4CL, and CAD were measured at B2I at 5, 15, 25, 35, and 45 days after elongation of B2I according to the method reported by .
Statistical analysis
The differences in snapping resistance, lodging index, lignin content and activities of its related enzymes across the two years were not significant (P > 0.05). Therefore, mean values of 2012 and 2013 were analyzed using SPSS 19. Analysis of variance was performed and data from each sampling date were analyzed separately. The mean values of three replicates were compared by least significant difference at the P < 0.05 level (LSD 0.05 ). Microsoft Excel 2003 was used for sorting data and drawing.
Results
There was no lodging in Ningqiao01 without application of nitrogen fertilizer (0 kg ha -1 ) treatment in both seasons. Lodging at the anthesis stage causes a higher lodging degree and lodging percentage than that at the maturity stage does. With the increase of nitrogen fertilizer and planting density, the lodging degree and lodging percentage increased gradually in both seasons (Table 1) . This indicated that the increased in nitrogen fertilizer and planting density increased the risk of lodging for buckwheat.
The yield increased and then decreased with the increase of nitrogen fertilizer and planting density in both seasons, and the maximum value appeared in the plot with nitrogen fertilizer at 45 kg ha -1 and planting density of 9 × 10 5 plants ha -1 (Table 1 ). The yield in 2012 was higher than in 2013 under all treatments. This is different from the behavior of lodging percentage (Table 1) .
As shown by variance analysis (Table 2) , nitrogen fertilizer, planting density, and their interaction had significant effects on the snapping resistance and lodging index from anthesis to maturity. The snapping resistance and lodging index rose and then fell from anthesis to maturity, and the maximum value appeared at the filling stage (Table 3 ). The snapping resistance rose and then fell with the increase of nitrogen fertilizer, while decreased with the increase of planting density. The lodging index increased with the increase of nitrogen fertilizer and planting density (Table 3) . Interaction between nitrogen fertilizer and planting density (Table 4 ) showed that the application of nitrogen fertilizer at 45 kg ha -1 and planting density of 6 × 10 5 plants ha -1 treatments had the highest The data are expressed as the average ± SD of three replications (n = 3). Different letters indicate significant differences (P < 0.05). A1, A2 and A3 represent nitrogen fertilizer was the main plots with three levels of 0, 45, and 90 kg ha -1 , respectively. B1, B2 and B3 represent planting density at three levels of 6 × 10 5 , 9 × 10 5 , and 1.2 × 10 6 plants ha -1 , respectively. The data are expressed as the average ± SD of three replications (n = 3). Different letters indicate significant differences (P < 0.05). A1, A2 and A3 represent nitrogen fertilizer was the main plots with three levels of 0, 45, and 90 kg ha -1 , respectively. B1, B2 and B3 represent planting density at three levels of 6 × 10 5 , 9 × 10 5 , and 1.2 × 10 6 plants ha -1 , respectively.
snapping resistance, and the nitrogen fertilizer with 90 kg ha -1 and planting density of 1.2 × 10 6 plants ha -1 treatments had the highest lodging index. As shown by variance analysis (Table 5) , the application of nitrogen fertilizer, planting density, and their interaction had significant effects on the lignin content and activities of PAL, 4CL, and CAD in the culm growth process. Nitrogen fertilizer and planting density had significant effects on the TAL activity in the culm growth process. The interaction between the application of nitrogen fertilizer and planting density had a significant effect on the TAL activity at 5, 15, 35, and 45 days after elongation of B2I, but no significant effect at 25 day after elongation of B2I.
The lignin content increased rapidly during the culm growth process. The lignin content decreased with the increase of nitrogen fertilizer and planting density (Fig. 1) . Compared with no nitrogen fertilizer, 0 kg ha -1 , nitrogen fertilizer at 90 kg ha -1 significantly decreased the lignin Table 4 . Effects of interaction between nitrogen fertilizer and planting density on the snapping resistance and lodging index of buckwheat.
Treatments
Snapping resistance (g) Lodging index (cm g g -1 )
Anthesis The data are expressed as the average ± SD of three replications (n = 3). Different letters indicate significant differences (P < 0.05). A1, A2 and A3 represent nitrogen fertilizer was the main plots with three levels of 0, 45, and 90 kg ha -1 , respectively. B1, B2 and B3 represent planting density at three levels of 6 × 10 5 , 9 × 10 5 , and 1.2 × 10 6 plants ha -1 , respectively. . Different letters indicate significant differences (P < 0.01). A1, A2 and A3 represent nitrogen fertilizer was the main plots with three levels of 0, 45, and 90 kg ha -1 , respectively. B1, B2 and B3 represent planting density at three levels of 6 × 10 5 , 9 × 10 5 , and 1.2 × 10 6 plants ha -1 , respectively. represents an average ± SD of three replications (n = 3). Different letters indicate significant differences (P < 0.01). PAL is phenylalanine ammonia-lyase. TAL is tyrosine ammonia-lyase. A1, A2 and A3 represent nitrogen fertilizer was the main plots with three levels of 0, 45, and 90 kg ha -1 , respectively. B1, B2 and B3 represent planting density at three levels of 6 × 10 5 , 9 × 10 5 , and 1.2 × 10 6 plants ha -1 , respectively. 27, 28.36, 31.29, 26.28, and 26.90% at 5, 15, 25, 35 , and 45 days after elongation of B2I, respectively. However, compared with the planting density of 6 × 10 5 plants ha -1 , the planting density of 1.2 × 10 6 plants ha -1 significantly decreased the lignin content by 10.62, 12.80, 13.97, 11.19, and 10.69% at 5, 15, 25, 35, and 45 days after elongation of B2I, respectively. All treatments had a similar effect on PAL activity of B2I during the culm growth period; it declined during the culm growth period and remained stable from 35 day after elongation of B2I. PAL activity decreased with the increase of nitrogen fertilizer and planting density ( Fig. 2A) .
There was no significant change in TAL activity of B2I up to 25 days after elongation of B2I (anthesis) in all treatment plots. However, it decreased with the increase of nitrogen fertilizer and planting density with a maximum at 35 days after elongation of B2I, and had decreased at 45 days after elongation of B2I (Fig. 2B) .
The 4CL activities increased rapidly at the beginning of B2I formation, and then decreased rapidly 15 days after elongation of the B2I in all treatments. The 4CL activity decreased with the increase of nitrogen fertilizer and planting density (Fig. 3A) .
There was a bimodal trend changed in CAD activities in all treatments. The first peak appeared at 15 days after elongation of B2I and the second peak appeared at 35 days after elongation of B2I (filling stage). The CAD activity decreased with the increase of nitrogen fertilizer and planting density (Fig. 3B) .
The interaction between nitrogen fertilizer and planting density (Table 6) showed that the maximums lignin content and the enzyme activities of PAL, 4CL and CAD appeared in the no nitrogen fertilizer plot (0 kg ha -1 ) at a planting density of 6 × 10 5 plants ha -1 .
The lignin content and the enzyme activities of PAL, 4CL and CAD showed significantly positive correlations at B2I. Correlation analysis also demonstrated that the lignin content was significantly and negatively correlated with represents an average ± SD of three replications (n = 3). Different letters indicate significant differences (P < 0.01). 4CL is 4-coumarate:CoA ligase. CAD is cinnamyl alcohol dehydrogenase. A1, A2 and A3 represent nitrogen fertilizer was the main plots with three levels of 0, 45, and 90 kg ha -1 , respectively. B1, B2 and B3 represent planting density at three levels of 6 × 10 5 , 9 × 10 5 , and 1.2 × 10 6 plants ha -1 , respectively. The data are expressed as the average ± SD of three replications (n = 3). Different letters indicate significant differences (P < 0.01). PAL is phenylalanine ammonia-lyase. TAL is tyrosine ammonia-lyase. 4CL is 4-coumarate:CoA ligase. CAD is cinnamyl alcohol dehydrogenase. A1, A2 and A3 represent nitrogen fertilizer was the main plots with three levels of 0, 45, and 90 kg ha -1 , respectively. B1, B2 and B3 represent planting density at three levels of 6 × 10 5 , 9 × 10 5 , and 1.2 × 10 6 plants ha -1 , respectively.
lodging index and lodging percentage of buckwheat, but significantly and positively correlated with snapping resistance at B2I in buckwheat (Table 7) . Regression analysis showed that the snapping resistance was not significantly correlated with nitrogen fertilizer, but significantly and negatively correlated with planting density. The lodging index was significantly and positively correlated with nitrogen fertilizer and planting density. The lignin content and the activities of PAL, 4CL and CAD were significantly and negatively correlated with nitrogen fertilizer and planting density (Table 8) .
Discussion
In the present study, the lignin content was significantly and negatively correlated with lodging index and lodging percentage of buckwheat, but significantly and positively correlated with snapping resistance at B2I in buckwheat. A high lignin content may increase the physical strength of culm in buckwheat. Various workers also reported that lignin is an important factor for lodging resistance of wheat and rice (Ookawa and Ishihara, 1993; Ma, 2009 ). Our results showed that the lignin content is closely related to the lodging resistance of buckwheat, and higher lignin content could strengthen the lodging resistance of buckwheat.
PAL, TAL, 4CL, and CAD play key roles in lignin biosynthesis (Campbell and Sederoff, 1996; Khan et al., 2003) . PAL is a rate-limiting enzyme in the shikimic acid pathway, and it catalyzes the conversion of L-phenylalanine dehydrogenase into trans cinnamic acid (Sewalt et al., 1997) . TAL catalyzes the conversion of tyrosine into coumaric acid, which only exists in gramineous plants (Rösler et al., 1997) . 4CL a ligase in lignin metabolism, catalyzes the conversion of cinnamic acid into the corresponding esters (Lee et al., 1997) . CAD participates in the last reduction reaction of lignin metabolism (Boudet et al., 2003) . Our correlation analysis indicated the enzyme activities of PAL, 4CL and CAD were significantly and positively correlated with the lignin content of culm in buckwheat. Peng et al. (2014) concluded that the lignin content was significantly correlated with the enzyme activities of PAL, TAL and POD in wheat culms. However, concluded that the lignin content was significantly and positively correlated with the enzyme activities of PAL, TAL and CAD, but not with 4CL activity in the wheat culm. Further studies are needed to determine the cause these differences. These results suggest that the high activity of PAL, 4CL and CAD is the basis for the high lignin content of culm in buckwheat, and could be responsible for the lodging resistance of buckwheat.
Some cultivation measures that affect plant growth and chemical composition of culm have been recommended to avoid lodging (Liu et al., 2012; Yang et al., 2012) . Application of nitrogen fertilizer promoted the leaf development. Various workers have reported that weak light irradiance to the base of culm by shading due to leaf development or high planting density resulted in decreases Lodging percentage -0.841** -0.821** -0.504 -0.675* -0.621* * and** are significant at 0.05 and 0.01 probability levels, respectively. PAL is phenylalanine ammonia-lyase. TAL is tyrosine ammonia-lyase. 4CL is 4-coumarate:CoA ligase. CAD is cinnamyl alcohol dehydrogenase. Snapping resistance (y 1 ) y 1 = 362.81 + 1.33x 1 (R = 0.4616) y 1 = 629.93 -2.30 × 10 -4 x 2 (R = 0.9777*)
Lodging index (y 2 ) y 2 = 0.46 + 0.01x 1 (R = 0.9975**) y 2 = 0.39 + 5.28 × 10 -7 x 2 (R = 0.9995**)
Lignin content (y 3 ) y 3 = 1.47 -0.005x 1 (R = 0.9916*) y 3 = 1.52 -2.67 × 10 -7 x 2 (R = 0.9949*) PAL activity (y 4 ) y 4 = 9.59 -0.44x 1 (R = 0.9995**) y 4 = 9.60 -2.21 × 10 -6 x 2 (R = 0.9953**) TAL activity (y 5 ) y 5 = 6.16 -0.02x 1 (R = 0.9928*) y 5 = 6.35 -1.44 × 10 -6 x 2 (R = 0.9999**)
4CL activity (y 6 ) y 6 = 4.95 -0.03x 1 (R = 0.9987**) y 6 = 5.14 -1.57 × 10 -6 x 2 (R = 0.9993**) CAD activity (y 7 ) y 7 = 2.15 -0.02x 1 (R = 0.9885*) y 7 = 2.22 -9.11 × 10 -7 x 2 (R = 0.9935*) * and** are significant at 0.05 and 0.01 probability levels, respectively. PAL is phenylalanine ammonia-lyase. TAL is tyrosine ammonia-lyase. 4CL is 4-coumarate:CoA ligase. CAD is cinnamyl alcohol dehydrogenase.
of lignin content and its related enzymes activities (Hight et al., 1968; Marchiori et al., 2014) . In the present study, the lodging percentage and lodging index increased with the increase of nitrogen fertilizer and planting density. The snapping resistance rose and then fell with the increase of nitrogen fertilizer, and decreased with the increase of planting density. These results are in agreement with most previous studies (Wei et al., 2008; Yang et al., 2009 ). Furthermore, our results indicated that the lignin content and its related enzymes activities at B2I decreased with the increase of nitrogen fertilizer and planting density. The present results suggested that the increase of nitrogen fertilizer and planting density significantly increased the risk of lodging by decreasing the lignin content and its related enzymes activities at B2I. The present findings are considered to be valuable for enhancing lodging resistance of buckwheat to prevent lodging and improve grain yield and quality.
Conclusions
The lignin content is closely related to the lodging resistance of buckwheat, and higher lignin content could strengthen the lodging resistance of buckwheat. The increase of nitrogen fertilizer and planting density significantly increased the risk of lodging by decreasing the lignin content and its related enzymes activities at B2I.
